Gene flow tends to impede the accumulation of genetic divergence. Here, we determine 15 the limits for the evolution of postzygotic reproductive isolation in a model of two populations 16 that are connected by gene flow. We consider two selective mechanisms for the creation and 17 maintenance of a genetic barrier: local adaptation leads to divergence among incipient species 18 due to selection against migrants, and Dobzhansky-Muller incompatibilities (DMIs) reinforce 19 the genetic barrier through selection against hybrids. In particular, we are interested in the 20 maximum strength of the barrier under a limited amount of local adaptation, a challenge 21 that may initially face many incipient species. We first confirm that with classical two-locus 22 DMIs, the maximum amount of local adaptation is indeed a limit to the strength of a genetic 23 * blanckaert.a@gmail.com barrier. However, with three or more loci and cryptic epistasis, this limit holds no longer. In 24 particular, we identify a minimal configuration of three epistatically interacting mutations 25 that is sufficient to confer strong reproductive isolation. 26 Understanding the mechanisms that drive speciation remains a challenge of evolutionary 28 research [1, 2, 3, 4]. Recently, parapatric speciation -where incipient species are spatially 29 separated, but still exchange migrants -has received considerable attention, both in empirical 30 and theoretical research [5, 3, 6, 7]. In particular, several studies have analysed the potential for 31 the evolution of a postzygotic isolation barrier in the presence of gene flow [5, 8, 9]. Whereas 32 such barriers can easily arise in strict allopatry, even small amounts of gene flow can impede their 33 buildup. This is due to two main problems. First, persistent gene flow acts to swamp divergent 34 alleles between populations [5]. Second, gene flow creates a permanent fitness cost for any 35 genetic incompatibility that contributes to a genetic barrier due to production of unfit hybrids 36 [9]. Local adaptation can be a potent mechanism to protect divergent alleles from swamping.
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x 7 x 8 w i 0 α β γ α + β α + γ β + γ α + β + γ + AB + AC + BC + AB + AC + BC + ABC Table 1 : Notation of frequencies x i and fitness values w i of the eight different haplotypes for haploid populations in the 3-locus model. continent. m Ab max is the maximum migration rate for the maintenance of this stable equilibrium; 120 above this value either A or b (or both) are lost. The barrier strength can also depend on the 121 genetic background. We will include reference to this background in our notation whenever To measure local adaptation, we define two parameters that capture either the current state appeared first and Λ ab aB = −β if B appeared first. After the second mutational step, the current 139 amount of local adaptation is given by Λ Ab aB = α − β. 140 In addition, we define the maximum amount of local adaptation that can occur in the model 141 over the course of the differentiation process that results in a given genetic barrier as Λ max . Note 142 that Λ max does not depend on the current state, but is a property of the full fitness landscape. evolutionary histories to determine Λ max . Using the 2-locus barrier example mentioned above, the maximum amount of local adaptation, Λ Ab max is given by: Λ Ab max = max(Λ Ab ab , Λ ab aB , Λ Ab aB ). To 147 match the genetic barrier notation, we will use Λ Ab|C max if we need to mention that the genetic 148 barrier depends on the genetic background (here a fixed allele C).
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From this definition we see, in particular, that the maximum amount of local adaptation for 150 a large barrier which includes many loci is always larger or equal than the value of Λ max for any 151 smaller barrier that involves only a subset of these loci. For diploids, we consider the fitness 152 differences between genotypes scaled by the ploidy of the individual. Using this definition allows 153 us to maintain a consistent notation for haploid and diploid populations: for a single locus A, we 154 always have m A max = Λ A max . We include a limit to local adaptation into our model by assuming 155 that Λ max is bounded by the ecology of the system. However, the fitness difference between the 156 optimal island genotype and a hybrid (or any maladapted genotype) may be much larger, since 157 these genotypes are not part of any evolutionary trajectories.
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Results 159
Maximum amount of local adaptation as a limit to barrier strength 160 If the external environment sets a limit to the amount of local adaptation, does this also 161 imply a limit on the strength of the genetic barrier that can evolve in the presence of gene 162 flow? We address this question by asking whether the former restricts the latter, i.e. whether 163 the maximum amount of local adaptation during the differentiation process Λ max limits the 164 barrier strength m max . For simplicity, we will refer to genetic barriers as strong if m max > Λ max 165 and as weak otherwise. Indeed, we find that for many types of fitness landscapes and linkage 166 architectures, genetic barriers can only be weak in this sense.
167
For a single-locus barrier in a haploid population, it is straightforward to see that m max = 168 Λ max since local adaptation (direct selection against migrants) is the only mechanism that can Figure 1 : Measures of local adaptation. We define two measures of environmental heterogeneity between the continent and the island, the "current amount of local adaptation" and the "maximum amount of local adaptation". a) The schematic shows an example in which six haplotypes are segregating on the island. The current amount of local adaptation of the population, Λ isl. hap. cont. hap corresponds to the difference in fitness, evaluated on the island, between the fittest segregating possible haplotype on the island (in blue) and the fittest possible haplotype on the continent (in pink). b) Fitness graph and fitness landscapes for a two-locus model with a DMI. The arrow corresponds to the fitness comparison between the continental haplotype (base of the arrow) and island haplotype (tip of the arrow), with the number corresponding to the evolutionary step in panel c). The fitness landscape shows a case in which β < 0, meaning that B is a local adaptation to the continent. In our general model, β can take both positive and negative values, which means that B can also be beneficial both on the island and the continent. c) Potential evolutionary histories leading to the formation of a genetic barrier in a 2-locus model. For each possible evolutionary step, we compute the current amount of local adaptation of the island population as Λ polymorphic island alleles| fixed alleles cont. hap . The magenta numbers correspond to the same comparison made on the fitness graph from b). The maximum amount of local adaptation, Λ Ab max , generated by the fitness graph given in panel, is the maximum of these values. If we use the fitness landscape depicted in panel b), we obtain Λ Ab
exceeds the temporary amount of local adaptation, m > Λ, the continental haplotype replaces and migration rates ( Fig. S7 ).
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In the absence of epistasis and for multiple loosely linked loci, the temporary amount of 
this barrier is therefore maximized when all loci share the same selection strength:
Clearly, we have m max < Λ max for more than a single locus, i.e., the maximum amount of local 
(2) and allele C is reduced, leading to m AbC max ≤ m AC|B max and therefore, m AbC max ≤ Λ AbC max .
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• We now consider that one pairwise epistatic interaction is positive and the other negative:
250
we assume that alleles A and B interact negatively and alleles B and C interact positively.
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In the absence of allele C, this corresponds to the two-locus case mentioned above and continent and one on the island (see section S 1.3). The fitness landscapes of all scenarios 268 described so far share a crucial property ( Fig. 2a ) and S4): the continental haplotype and the 269 fittest island haplotype are connected by a fitness ridge (e.g. AbC and aBc in Fig. 2a) ), and 270 all genotypes on this fitness ridge can be reconstructed from the (fittest) island and continental 271 haplotypes by recombination (recombination of. AbC and aBc in Fig. 2a) ). 272 We now consider a case in which a genetic barrier with two barrier loci is combined with a 273 change in the genetic background (through a derived allele at a third locus that fixed on both 274 the continent and the island). We assume (as above) that there is an incompatibility between 275 an adaptation on the island at locus A and a continental adaptation at locus B (i.e. α > 0, 276 AB < 0 and β < − AB ). In addition, we assume that a mutation can occur at a third locus (the 277 C locus). We assume that the derived allele C is deleterious in the ancestral genetic background 278 (γ < 0), but beneficial in the presence of either the A or the B allele ( AC > 0, BC > 0 and 279 ABC ≤ 0; below we assume AC = BC = − ABC ). If C originates on the continent, it can 280 fix on both the continent and the island (eq. (S21)-(S28); see Fig. 2c ) for the three potential 281 evolutionary histories). We then obtain a 2-locus barrier (loci A and B) , but the derived alleles 282 at this barrier interact with a fixed derived allele in its genetic background. We refer to this 283 type of interaction as "cryptic epsitasis" since it will not be detected in a study that focuses on To simplify the notation, we define γ as the effect of the mutation C in the background 289 of at least one other derived allele: γ = γ + AC . Notably, this system is equivalent to a C 290 mutation that appears on the continent, which is advantageous on the island while generating 291 strong negative epistasis with the ancestral background ab, abC = − AC . For the rest of the 292 manuscript, we will use the alternative notation ( abC and γ ) as it is more convenient. A and B, and B and C, which does not allow for parapatric evolution of a strong genetic barrier. Red dots correspond to low fitness haplotypes and blue dots to high fitness haplotypes. b) Fitness graph for a model with negative epistasis between A and B and a strongly deleterious allele C. Both alleles A and B can compensate for the deleterious effect of C but the compensation is not cumulative. This fitness landscape can allow for the parapatric evolution of a strong genetic barrier, because it contains a 2-locus fitness graph with two fitness peaks isolated from each other by a deep valley, if allele C is fixed. c) Three possible evolutionary histories and the temporary underlying fitness graphs (subgraphs of b)) can lead to the formation of a fitness landscape in which the two fitness peaks (AbC and aBC) are separated by an unsurpassable fitness valley. This strong genetic barrier can evolve via single-step mutations in the presence of gene flow, due to the existence of a high fitness ridge that disappears through fixation of allele C. longer a potential step for evolution. Equation (3) can be reduced to Λ Ab|C max = max(α, α − β) = 299 Λ Ab|c max when C is advantageous (γ > 0) on the island (eq. (S19)). The maximum amount of 300 local adaptation, which characterizes the ecological differentiation in the model, is unaffected 301 by the new mutation; C modifies the genetic background of both populations but is not directly 302 involved in the divergence process. Since we assume that the new mutation C fixes, its position allele C and showed that strong barriers can also form in these conditions (Fig. S10 ).
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Our assumptions of loose linkage and the continuous-time approximation both implicitly 326 rely on weak selection. We therefore derived the equivalent of m Each color corresponds to a different value of β α , ranging from locally maladapted alleles B for β α = −0.5 to strongly beneficial alleles B on the island for β α = 1.2. The left panel corresponds to the codominant diploid model, with the dashed lines corresponding to tight linkage (eq. (S20)) and the solid lines to loose linkage (eq. (4)). The right panel corresponds to the recessive model. For the recessive model, a strong barrier cannot be form if the loci are in tight linkage (no dashed lines) and the solid lines are obtained from numerical solution of the evolution equations. In both panels, the squares correspond to results for the equivalent discrete-time model that allows for strong selection, assuming that A and B are on different chromosomes.
